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Abstract
Supplemental damping can be used as a cost-effective method to reduce structural vibrations. In partic-
ular, passive systems are now widely accepted and have numerous applications in the field. However, they
are typically tuned to specific excitations and their performances are bandwidth-limited. A solution is to
use semi-active devices, which have shown to be capable of substantially enhanced mitigation performance.
The authors have recently proposed a new type of semi-active device, which consists of a variable friction
mechanism based on a vehicle duo-servo drum brake, a mechanically robust and reliable technology. The
theoretical performance of the proposed device has been previously demonstrated via numerical simulations.
In this paper, we further the understanding of the device, termed Modified Friction Device (MFD) by fab-
ricating a small scale prototype and characterizing its dynamic behavior. While the dynamics of friction is
well understood for automotive braking technology, we investigate for the first time the dynamic behavior of
this friction mechanism at low displacements and velocities, in both forward and backward directions, under
various hydraulic pressures. A modified 3-stage dynamic model is introduced. A LuGre friction model is
used to characterize the friction zone (Stage 1), and two pure stiffness regions to characterize the dynamics
of the MFD once the rotation is reversed and the braking shoes are sticking to the drum (Stage 2) and the
rapid build up of forces once the shoes are held by the anchor pin (Stage 3). The proposed model is identified
experimentally by subjecting the prototype to harmonic excitations. It is found that the proposed model
can be used to characterize the dynamics of the MFD, and that the largest fitting error arises at low velocity
under low pressure input. The model is then verified by subjecting the MFD to two different earthquake
excitations under different pressure inputs. The model is capable of tracking the device’s response, despite
a lower fitting performance under low pressure and small force output, as it was found in the harmonic tests
due to the possible nonlinearity in Stage 2 of the model.
Keywords: variable friction, semi-active device, supplemental damping, structural control, modified
friction device, LuGre model
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1. INTRODUCTION
Modern construction techniques and materials enable the construction of lighter and more flexible struc-
tures, thereby increasing wind-induced vibrations, as an example, which may lead to discomfort and frequent
inoperability. Recent extreme events (e.g., earthquakes, hurricanes, tornadoes, storm surges) have demon-
strated the utmost vulnerability of buildings and transportation infrastructures. A solution to increase5
structural performance vis-a-vis service and extreme loads is a motion-based design (MBD) approach. The
strategy with MBD is to appropriately size structural stiffness and supplemental damping for a given mass
system to restrict motion to a prescribed performance [1].
In particular, supplemental damping has been shown to be cost-effective in mitigating structural vi-
brations. Passive damping systems are now widely accepted in the field of structural control given their10
low maintenance, passive operability, and mechanical robustness [2]. Among these systems, passive friction
devices combine the advantage of being 1) capable of high energy dissipation independent of velocity; 2)
inexpensive; 3) easy to install; and 4) relatively low maintenance [3, 2]. However, their strong nonlinear
behavior, degradation of sliding interface, possibility of cold weld, and reliability on a restoring force are
strong disadvantages, most likely responsible for their lack of popularity with respect to viscous dampers.15
Numerous passive friction devices for structural damping have been proposed since the late 1970’s. Pall
et al. [4] and Pall & Marsh [5] developed the Pall friction damper, a frictional braces that dissipates energy
via a slip bolted joint. Other types of friction connections have been studied in Refs. [6, 7, 8]. More recently,
Morgen & Kurama [9], Lin et al. [10] proposed friction dampers for dissipating energy at a beam-column
joint. Panchal & Jangid [11] proposed a variable friction pendulum system for base-isolation. Mirtaheri et20
al. [12] proposed a cylindrical friction damper.
Semi-active friction systems have been proposed to significantly enhance energy dissipation using low
power. The additional controllability is provided by an actuation system that varies the normal force applied
on the friction mechanism. Examples of actuators include hydraulic [13], pneumatic [14, 15], electro-magnetic
[16, 17], electro-mechanical [18, 19] and piezoelectric [20, 21, 22, 23]. Large semi-active friction capacities25
reported in literature include a 2 kN piezoelectric friction device from Lu et al. [21], a 3 kN electromagnetic
friction damper from Dai et al. [24], and 20 kN capacity electromagnetic and electromechanical devices from
Agrawal et al. [25] and Narasimhan et al. [18], respectively. The authors have presented a novel variable
friction device termed the Modified Friction Device (MFD) [26], which has a theoretical damping capacity of
200 kN, which is larger than that of the large semi-active friction devices reported above. The dynamics of30
the MFD is based on a duo-servo automobile brake, using hydraulic or pneumatic actuation, and leverages
the self-energizing feature of the brake to amplify the actuation force. While the device showed great promise
because of its large damping force capability and mechanically reliable technology, work presented on the
MFD was purely theoretical.
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In this paper, we further the understanding of the MFD by characterizing its dynamic behavior. While35
friction dynamics of automotive braking systems has been studied for several decades, none of the studies
found in the literature examined the dynamics of vehicle braking technology utilized in both forward and
backward directions, as it would be utilized to mitigate structural vibrations. Furthermore, most models
focused on large displacements and high velocities. Here, the dynamic behavior of the MFD is investigated
at low displacements and velocities, in both forward and backward directions, under various pressures (force40
inputs). A dynamic model is introduced, which consists of three stages of dynamics. A LuGre friction model
is used to characterize the friction zone (Stage 1), and two pure stiffness regions to characterize the dynamics
of the MFD once the rotation is reversed and the braking shoes are sticking to the drum (Stage 2) and the
rapid build up of forces once the shoes are held by the anchor pin (Stage 3). A small-scale prototype is
built by directly modifying an automobile brake due to its readily availability, and the proposed model is45
validated experimentally.
The paper is organized as follows. Section 2 provides the theoretical background on the MFD and
discusses the fabrication of the prototype. Section 3 presents the proposed 3-stage dynamic model. Section
4 identifies the parameters of the dynamic model by subjecting the prototype to harmonic excitations at
0.05 Hz and 0.50 Hz, under various pressure inputs. Section 5 validates the model by subjecting the device50
to two different earthquake excitations. Section 6 concludes the paper.
2. Background
The MFD is designed to dissipate energy via friction developed by the contact of braking shoes onto a
drum. Fig. 2 shows a schematic representation of the MFD showing the internal components (Fig. 2 (a))
and the diagram of forces (Fig. 2 (b)). This friction dynamics of the MFD is described in details in Ref.55
[26]. Briefly, the actuation force W = pA, where p is the actuation pressure and A the area of the actuator,
acts on the braking shoes (the thick blue line in Fig. 2 shows the shoes’ lining) to create normal forces Ni on
shoes i = 1, 2, which in turn generate friction forces fi, with the total friction force F = f1 + f2. Installed in
a vertical configuration, the MFD is designed to sit on two short support legs that produce opposite forces
Fleg to counteract the moment produced by the friction forces. Fig. 1 illustrates two possible configurations60
of the MFD installed within a bracing scheme. The first one is a chevron bracing configuration, and the
second one is a toggle bracing configuration. The toggle bracing configuration has the advantage of largely
amplifying the movement of the floor drift transmitted to the damping device, which would allow the MFD
to attain the Coulomb friction faster, but is more expensive to install [27]. For both configurations, the floor
drift δ = x/H is transformed into rotational displacement θ of the MFD using65
y = θr (1)
3
where x is the translational displacement of the floor, H is the height of the floor, y is the tangential
displacement of the drum, and r is the radius of the drum.
For the chevron configuration (Fig. 1 (a)), y = x, giving:
θ =
δH
r
(2)
Ref. [28] provides the analytical solution relating δ to y for the toggle configuration shown in Fig. 1 (b).
For small angles, it can be shown that [29]:70
y =
sinα1
cos(α1 + α2)
x (3)
or
θ =
sinα1
cos(α1 + α2)
δH
r
(4)
Eq. 2 and 4 provide an approximate linear relation between θ and δ, which can be used in performance-
based design to size the damper [1]. For example, the approximate stroke of the MFD in a chevron con-
figuration under a story drift δ = 0.02 rad provoked by a maximum considered earthquake level would be
θ = 0.56 rad for a floor height H = 14 ft and drum radius r = 6 in. This is equivalent to a circumferential75
displacement of 3.36 in, which is substantially beyond the full friction development length of the prototype
under study. The performance of the device can be optimized under a performance-based design approach
[1] by altering the geometry of the damper and the bracing system.
(a) (b)
Figure 1: MFD placement within bracing systems: (a) chevron configuration; and (b) toggle configuration. Red arrows illustrate
displacement.
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The duo-servo drum brake illustrated in Fig. 2 is slightly different that the one presented in Ref. [26]. The
fabricated prototype presented in this paper is an altered version of a vehicle brake, as it will be described80
later. A duo-servo vehicle brake exhibits a gap between the anchor pin and the shoes, which is a necessary
feature to provide continuous self-energizing throughout both shoes. The self-energizing mechanism amplifies
the actuation force W by a factor C for a total friction force F = CW . It is a result of a static moment
generated from the position and geometry of the shoes with respect to the drum. As the drum rotate and the
braking mechanism is applied, the drum gradually drags the shoes along the circumference which produces85
an increasing friction force, as shown in Fig. 3. Pmax is the maximum pressure caused by self-energizing
effect. The amplification factor C is a constant that can be calculated using the following equation [30]:
C =
µ(a+ b)
a
√
1 + µ2 − µr [1 + (
a+ r
r
√
1 + µ2
1− µ )]−
a+ b
r
µ
1− µ (5)
where µ is the friction coefficient of the lining material, r is the radius of the drum, a is the distance between
floating link and center of the drum, and b is the distance between actuator and center of the drum.
(a) (b)
Figure 2: Schematic representation of the MFD: (a) internal components; and (b) diagram of forces
5
Figure 3: self-energizing effect distribution for duo-servo drum brake
2.1. Prototype90
A prototype of the MFD has been fabricated by slightly altering an automotive car brake due to the
readily availability of the mechanical components. The drum brake has been rotated under constant hydraulic
pressure during several hours in both directions to wear the lining surface, in order to produce friction forces
of similar magnitude in both forward and backward directions. The drum was mounted on a structural steel
C-section to allow a vertical axial loading configuration. In this particular setup, torsion is negligible, and95
the moment generated by the friction force is counteracted by the moment generated in the fixture’s legs,
as shown in Fig. 2(a). A similar configuration could be used to install the MFD in a structural system,
for instance within a diagonal bracing element. The force W is generated by a hand-operated hydraulic
actuator. Note that in a typical installation, a pneumatic actuator could be used. The dynamic interaction
actuator-brake is out-of-the-scope of this paper. A picture of the built prototype is shown in Fig. 4.100
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(a) (b)
Figure 4: Prototype of the MFD: (a) front view; and (b) side view
3. Dynamic Model
The operational performance of the MFD over a full forward and backward motion is characterized by
friction dynamics over most of the rotation. The presence of a gap between the anchor pin and braking
shoes, as discussed above and shown in Fig. 2, is responsible for a discontinuity in the friction dynamics
when the rotation is reversed. Upon rotation, the leading shoe sticks to the drum until it hits the anchor pin.105
During this process, the MFD behaves like a stiffness element. Once the leading shoe hits the anchor pin,
there is a rapid build up in the resisting force, until the friction dynamics is recovered. A typical response
of the MFD over an harmonic excitation period is shown in Fig. 5 to illustrate these dynamic stages (taken
at ± 1 in, 0.05 Hz, and 1200 psi constant pressure input). The proposed dynamic model to characterize the
behavior of the MFD is as follows:110
• Stage 1 (Node 1 −→ Node 2) - the system is in a typical dynamic friction mode. The friction force
F1 is characterized using a LuGre friction model. This stage occurs until rotation is reversed and the
frictional force is lost.
• Stage 2 (Node 2 −→ Node 3) - braking shoes are sticking to the drum. The linear force F2 is char-
acterized as being proportional to a stiffness element k2. This stage occurs over a drum displacement115
d2.
• Stage 3 (Node 3 −→ Node 1) - one braking shoe is anchored at the anchor pin, and there is a rapid
force build up. The force build up is coming from the shock when the braking shoes hit the anchor pin
which generate the stiffness. The force F3 is characterized as being proportional to a stiffness element
k3. This stage occurs over a drum displacement d3.120
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(a) (b)
Figure 5: Dynamic response of the MFD under hydraulic pressure of 1200 psi: (a) force-displacement plot (0.05 Hz); and (b)
force-velocity plot (0.05 Hz).
A smooth transition region between these stages is introduced. It consists of a C∞ function of the
following type [31]:
m(x) =
1
1 + e−
γ1(x−x0)
γ2
(6)
where x0 is the reference displacement of the new stage, and γ1, γ2 are constants. Consider the transition
from stage i to stage j. The total force F is given by
F = (1−m(x))Fi +m(x)Fj (7)
The next subsection describes the LuGre model used to characterize the friction dynamics, and the125
subsequent subsection introduces the remaining model parameters.
3.1. LuGre Model
The LuGre model is selected to characterize the friction dynamics due to its capability to accurately
simulate the Stribeck effect and rate dependance of the friction phenomenon [32]. The LuGre model has
been applied to a wide range of systems, including other semi-active devices such as the magnetorheological130
damper [33].
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Using this model, the resisting force during stage 1 F1 is a friction force written as follows:
F1 = σ0z + σ1z˙ + σ2x˙
z˙ = x˙− σ0 |x˙|
g(x˙)
z
(8)
where σ0 represents the aggregate bristle stiffness, σ1 microdamping, σ2 viscous friction, z an evolutionary
variable, x and x˙ the displacement and velocity, respectively, and g(x˙) a function that describes the Stribeck
effect:135
g(x˙) = Fc + (Fs − Fc)e−( x˙x˙s )
2
(9)
In Eq. 9 x˙s is a constant modeling the Stribeck velocity, Fs the static frictional force, and Fc the kinetic
frictional force.
Due to the surface irregularities, friction coefficients are different between forward and backward rotations,
as evidenced in Fig. 5, where the maximum and minimum forces have difference values. Fs and Fc are allowed
to take two different values whether the brake rotates forwards (Fs,fwd and Fc,fwd) or backwards (Fs,bwd and140
Fc,bwd).
3.2. Model Parameters
The parameters used in the characterization of the MFD are listed in Table 1. Note that friction forces
(Fs,fwd, Fc,fwd, Fs,bwd and Fc,bwd) and the aggregate bristle stiffness σ0 are dependent on the input pressure.
The linear function governing their behavior is also shown in Table 1. No parameters in the model are taken145
as frequency-dependent.
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Table 1: Parameters of the MFD dynamic model
pressure
parameter stage dependence
Fc,fwd 1 Fc,fwd = Cc,fwdp
Fc,bwd 1 Fb,fwd = Cb,fwdp
Fs,fwd 1 Fs,fwd = Cs,fwdp
Fs,bwd 1 Fb,fwd = Cb,fwdp
σ0 1 σ0 = ασ0p+ σ0|p=0
σ1 1 none
σ2 1 none
k2 2 none
k3 3 none
d2 2 none
d3 3 none
γ1 1-3 none
γ2 1-3 none
where p is the input pressure, and Cc,fwd, Cc,bwd, Cs,fwd, Cs,bwd, and ασ0 are constants.
4. Identification of Model Parameters
4.1. Methodology
The identification of the model parameters was conducted by subjecting the MFD to harmonic excitations150
of 1 in amplitude at low frequency (0.05 Hz) and higher frequency (0.50 Hz). Five different pressures (force
inputs) were tested: 0, 500, 800, 1200, and 1500 psi, where 1500 psi corresponds approximately to the
actuator’s maximum capacity (100% force), for a total of 10 tests. Tests were displacement-controlled,
induced by an MTS 810 material testing system. Force and displacement data were recorded by the MTS
data acquisition system at a 100 Hz sampling rate. The experimentally measured motion signals were used155
as input for the dynamic model. The experimental setup is shown in as shown in Fig. 6. Each test was ran
over 10 cycles. The characterization of the parameters is based the average value of all cycles. The model
characterized in this section will later be validated under a wider range of displacements and velocities by
subjecting the device to earthquake excitations.
10
Figure 6: Experimental setup
4.2. Experimental Results160
The model parameters for the proposed three-stage dynamic model were identified by minimizing the
fitting error between experimental data and the dynamic model. The parameters are identified by minimizing
the performance function J , which is taken as the error between the estimated friction force Fˆk from the
model and the experimental friction force F for each test k:
J =‖ Fˆk − Fk ‖2 (10)
where ‖ · ‖2 is the 2-norm. This minimization is conducted in MATLAB by using the command fminsearch165
and using different arbitrary (and physically realistic) initial conditions. The parameters defining the
pressure-dependence are obtained by a linear fit of the values obtained at different pressures.
Tables 2 and 3 list the values obtained experimentally (exp.) and from the optimized model for both
low (2) and higher (3) excitation frequencies. The experimental value for σ0 could not be obtained under 0
pressure due to the relatively high level of noise in the very small force output measurements. Its analytical170
value (model) was obtained by linear interpolation.
Fig. 7 are plots of the forces obtained from the laboratory experiments and the optimized model, under
both 0.05 Hz and 0.5 Hz.
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Table 2: Pressure dependent model parameters: results from 0.05 Hz.
0 psi 500 psi 800 psi 1200 psi 1500 psi
exp. model exp. model exp. model exp. model exp. model
Fc,fwd (kip) 0.002 0.000 0.142 0.170 0.239 0.273 0.403 0.409 0.530 0.512
Fc,bwd (kip) -0.004 0.000 -0.181 -0.229 -0.295 -0.366 -0.549 -0.548 -0.710 -0.686
Fs,fwd (kip) 0.005 0.000 0.152 0.175 0.251 0.280 0.417 0.420 0.549 0.525
Fs,bwd (kip) -0.006 0.000 -0.185 -0.236 -0.305 -0.374 -0.563 -0.560 -0.727 -0.701
σ0 (kip·in−1) N/A 3.029 4.054 4.029 4.754 4.629 5.054 5.429 6.254 6.029
Table 3: Pressure dependent model parameters: results from 0.5 Hz.
0 psi 500 psi 800 psi 1200 psi 1500 psi
exp. model exp. model exp. model exp. model exp. model
Fc,fwd (kip) 0.002 0.000 0.143 0.170 0.260 0.273 0.412 0.409 0.536 0.512
Fc,bwd (kip) -0.003 0.000 -0.183 -0.229 -0.340 -0.366 -0.587 -0.548 -0.710 -0.686
Fs,fwd (kip) 0.005 0.000 0.155 0.175 0.269 0.280 0.417 0.420 0.538 0.525
Fs,bwd (kip) -0.006 0.000 -0.188 -0.236 -0.341 -0.374 -0.595 -0.560 -0.730 -0.701
σ0 (kip·in−1) N/A 3.029 4.082 4.029 4.702 4.629 5.282 5.429 6.222 6.029
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(a) (b)
(c) (d)
(e)
Figure 7: Comparison of model values and test values: (a) Fc,fwd; (b) Fc,bwd; (c) Fs,fwd; (d) Fs,bwd; (e) σ0.
Table 4 summarizes the optimized values for the dynamic model. Note that the forward friction force
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coefficients differ from the backward friction force coefficients due to the asymmetry in the brake shoes.175
Table 4: Pressure independent parameters in model
Parameter Units Value
ασ0 in
−3 2.000
σ0|p=0 kip·in−1 3.029
σ1 psi·s·in−1 1.000
σ2 psi·s·in−1 1.000
k2 kip·in−1 0.231
k3 kip·in−1 3.000
d2 in 0.500
d3 in 0.200
γ1 in 1.000
γ2 in 0.100
Cc,fwd kip·in−2 0.341
Cc,bwd kip·in−2 0.457
Cs,fwd kip·in−2 0.350
Cs,bwd kip·in−2 0.467
Fitting results from the model are presented in Figs. 8 to 11. Experimental results obtained under 0.5
Hz show more noise with respect to results obtained at 0.05 Hz, likely due to chattering. This phenomenon
will require further investigation. Results show a good fit between the experimental results and the model.
There is a notable fitting discrepancy at low frequency under low pressure (500 psi and 800 psi), which
indicate possible nonlinearities during Stage 2. Fig. 12 shows the combined force-displacement (Fig. 12(a))180
and force-velocity (Fig. 12(b)) loops plotted using the model for a harmonic excitation of 1 in at 0.50 Hz.
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(a) (b)
(c) (d)
Figure 8: Harmonic test at 500 psi: (a) force-displacement (0.05Hz); (b) force-velocity (0.05Hz); (c) force-displacement (0.5Hz);
(d) force-velocity (0.5Hz)
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(a) (b)
(c) (d)
Figure 9: Harmonic test at 800 psi: (a) force-displacement (0.05Hz); (b) force-velocity (0.05Hz); (c) force-displacement (0.5Hz);
(d) force-velocity (0.5Hz)
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(a) (b)
(c) (d)
Figure 10: Harmonic test at 1200 psi: (a) force-displacement (0.05Hz); (b) force-velocity (0.05Hz); (c) force-displacement
(0.5Hz); (d) force-velocity (0.5Hz)
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(a) (b)
(c) (d)
Figure 11: Harmonic test at 1500 psi: (a) force-displacement (0.05Hz); (b) force-velocity (0.05Hz); (c) force-displacement
(0.5Hz); (d) force-velocity (0.5Hz)
18
(a) (b)
Figure 12: (a) Force-displacement and (b) force-velocity loops for a harmonic excitation of 1 in at 0.50 Hz
5. Model Validation: Earthquake Excitations
5.1. Methodology
The proposed dynamic model is verified over time-varying displacement and velocity inputs. Two earth-
quake excitations are selected due to their rich frequency content and varying amplitudes, representing an185
extreme input on a characterization perspective. Note that in applications, the MFD would be installed
within a structural system and the structure would act as a low-pass filter, reducing the high frequency
demand on the device. The first excitation is the 1979 Imperial Valley Earthquake record from the USGS
Station 5155. The second excitation is the 1995 Kobe Earthquake record from the Kakogawa (CUE90)
station. The acceleration time series of these records were obtained from the PEER ground motion record190
database (records P0174 and P1041) [34]. Ground displacements were computed by double integrating the
ground acceleration, and scaled to a maximum displacement of 0.4 in to match the testing equipment’s
limitations at high frequencies. Acceleration and scaled displacement time histories are as shown in Fig. 13.
Two different constant pressure values are used in the experiment: 500 psi, a value parameterized above,
and 1000 psi, a value not parameterized previously.195
5.2. Results and Discussion
Fig. 14 to 17 show the time history, force-displacement, and force-velocity plots for each seismic excita-
tion, in which the experimental data are compared with values from the proposed model. There is a good
match of the theoretical model with the experimental data under both levels of pressure. However, there is
a larger discrepancy in the fitting when the friction force is low and the displacements are small. This lower200
performance is also more evident under low pressure (500 psi). The possible nonlinearity in Stage 2 of the
19
model found under the harmonic excitations is also apparent in this set of experimental results. In particular,
Fig. 15(a) shows an overshoot of the estimated force after approximately 20 sec. This overshoot is due to
the linear approximation of the damping force when the shoes are slipping (stage 2), further evidenced in
Fig. 15(b) by the overestimation of the experimental data for low forces (between approximately -0.15 and205
0.15 kip).
From these results, the characterization of Stage 2 requires further investigation. However, dynamic
Stages 2 and 3 that are unique to a duo-servo drum brake due to the planned sticking of braking shoes result
in a suboptimal performance of the semi-active damping system. By eliminating the gap between the shoes
and the anchor pin, the friction dynamics would cover a larger region in the force-displacement loop, thus210
enabling higher energy dissipation. A second generation of the MFD is currently being designed to reduce
(or eliminate) the dynamics provoked by the presence of Stages 2 and 3. Nevertheless, the utilization of an
off-the-shelf due-servo drum brake is convenient due to its readily availability.
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(a) (b)
(c) (d)
Figure 13: Earthquake input excitations: (a) unscaled ground acceleration (Imperial Valley earthquake) ; (b) unscaled ground
acceleration (Kobe earthquake); (c) scaled ground displacement (Imperial Valley earthquake); (d) scaled ground displacement
(Kobe earthquake)
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(a)
(b) (c)
Figure 14: Kobe earthquake at 500 psi: (a) time history of damper force ; (b) force-displacement loop ; and (c) force-velocity
loop
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(a)
(b) (c)
Figure 15: Kobe earthquake at 1000 psi: (a) time history of damper force ; (b) force-displacement loop ; and (c) force-velocity
loop
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(a)
(b) (c)
Figure 16: Imperial Valley earthquake at 500 psi: (a) time history of damper force ; (b) force-displacement loop ; and (c)
force-velocity loop
24
(a)
(b) (c)
Figure 17: Imperial Valley earthquake at 500 psi: (a) time history of damper force ; (b) force-displacement loop ; and (c)
force-velocity loop
6. Summary and Conclusions
We have characterized the dynamic behavior of a novel semi-active friction device designed for structural215
control. A particular feature of the due-servo drum brake is the discontinuity of the friction dynamics due to
the gap between the anchor pin and braking shoes. A 3-stage dynamic model was proposed to characterize
this dynamics. A LuGre friction model was used to model the friction zone (Stage 1), and two pure stiffness
regions to characterize the dynamics of the MFD once the rotation is reversed and the braking shoes are
sticking to the drum (Stage 2) and the rapid build up of forces once the shoes are held by the anchor pin220
(Stage 3). A small-scale prototype was fabricated and the parameters of the dynamic model identified by
subjecting the device to different harmonic excitations under various pressure inputs. The model was later
validated using two different earthquake excitations under two pressure inputs.
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Results show that the model was capable of tracking the device’s response, despite a lower fitting per-
formance under low pressure and small force output, as it was found for the harmonic tests during the225
model identification phase. A possible non-linearity in Stage 2 of the dynamic model is responsible for most
of this lower performance. Future investigation will include enhanced modeling of Stage 2’s dynamics by
using a nonlinear stiffness element to improve on model fitting, and a second-generation design to reduce the
dynamics provoked by the gap between the anchor pin and the braking shoes (Stages 2 and 3) to improve
energy dissipation.230
The validated model in this research advances the understanding of the dynamic behavior of an automo-
tive braking system used for structural control applications. Integrated in the MFD design, such technology
provides a mechanically robust alternative to semi-active control of civil structures. The proposed model can
be used to enhance design of structures equipped with MFD, and to develop effective control algorithms.
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